ecause the occurrence of subarachnoid hemorrhage (SAH) still has a significant socioeconomic impact and affects mostly younger patients compared with ischemic stroke, the goal of the treatment of unruptured intracranial aneurysms (UIAs) is the prevention of this disease. 16 However, the risks of treatment have to be considered carefully in view of the available data concerning the natural course of UIAs.
mate an overall very low risk of rupture at approximately 1%, which increases with the size of the aneurysms. Consequently, UIAs > 10 mm are estimated to have a significantly higher risk of rupture. 19, 24, 25 Nevertheless, we are faced periodically with a substantial mismatch between the size of ruptured intracranial aneurysms in patients with SAH in predominantly < 7-mm lesions and the estimated low risk of rupture of small UIAs. 18 Thus, size alone does not seem to be a reliable parameter for decision making regarding treatment of single UIAs.
Other parameters like ethnicity, the presence of hypertension, the age of the patients, the size of the lesions, previous SAH, and localization of the aneurysms were pooled together in the population, hypertension, age, size of aneurysm, earlier SAH from another aneurysm, and site of aneurysm (PHASES) score for a more accurate estimation of the risk of rupture.
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To define possible anatomical predictive factors of rupture of intracranial aneurysms, we aimed to analyze the morphology and angioarchitecture of ruptured middle cerebral artery (MCA) bifurcation aneurysms and to compare them to their unruptured mirror-image counterparts within the same patient. Through this method, we formed a homogeneous group, minimized interindividual differences of various factors-as considered in the PHASES score-and enabled a comparison of different anatomical parameters.
Methods
This is a retrospective study design with the participation of the neurosurgical and neuroradiological departments of University Hospital Essen and University Hospital Düsseldorf. The study was approved by the local ethics committees of the University of Duisburg-Essen and Düsseldorf, and it was conducted in accordance with the Guidelines for Good Clinical Practice.
We retrospectively reviewed our neurovascular databases and selected all patients with SAH caused by a ruptured MCA bifurcation aneurysm and with the simultaneous presence of an unruptured contralateral MCA bifurcation aneurysm (University Hospital Essen 2004-2015, n = 25 patients; University Hospital Düsseldorf 2005-2015, n = 19 patients-total n = 44 patients). Patients with spontaneous SAH were admitted to the respective center either primarily via the emergency room or secondarily by referring hospitals. At admission, plain CT and CT angiography scans were performed to detect the source of the hemorrhage.
In cases of SAH accompanied by space-occupying intracerebral hemorrhage (ICH), surgery was performed immediately without further imaging. In cases with SAH alone and accompanied by small ICH, digital subtraction angiography was performed within 12 hours, followed by microsurgical treatment of the ruptured aneurysm. In cases of occlusive hydrocephalus, an external ventricular drain was inserted prior to treatment of the source of bleeding for pressure control. The location of ICH was indicative of the rupture site. In addition, the ruptured lesion was identified clearly during microsurgical aneurysm clipping in all of the presented cases.
We collected the demographic data and classified the SAH using the World Federation of Neurosurgical Societies (WFNS) system, and we determined the Fisher score by the appearance of SAH on CT scans (Table 1) . The vascular parameters measured using the available CT angiography and digital subtraction angiography data sets were as follows: neck, dome, and width (in millimeters) of both MCA aneurysms including neck/dome, width/ dome, and width/neck ratios; shape of the aneurysms as regular (saccular) and irregular (with 1-3 additional lobes including daughter aneurysm); and inflow angle of both MCA aneurysms (Fig. 1) . Furthermore, we measured the diameters of the bilateral A 1 and M 1 segments and the frontal and temporal M 2 trunks, as well as the bilateral diameter of the internal carotid artery (ICA) to reflect the general vascular condition proximal and distal to the aneurysms. Different ratios of the vascular diameters were calculated and were used for statistical analysis ( Table 2) .
Statistical Analysis
For statistical analysis we used the statistics software R (version 3.3.1, 2016). We systematically tested the following variables for the difference between the ruptured and unruptured side: dome, neck, and width of the aneurysms; the diameter of the ICA, A 1 , M 1 , M 2 frontal, and M 2 temporal branches (all in millimeters); inflow angle (degrees); dome/neck ratio; width/neck ratio; width/dome ratio; A 1 /M 1 ratio; and M 2 temporal/frontal ratio (dimensionless). Starting from the usual significance level of 0.05 for a single statistical test and assuming the variable's independence, the Sidak-corrected significance level for the 13 tests is 0.0039.
The Shapiro-Wilk test has shown that most of the above-mentioned variables were not normally distributed. However, their normalized differences, 2 × (r -u)/(r + u), where r denotes a variable's value for the ruptured side and u for the unruptured side, were normally distributed. Therefore, we could use the t-test for the normalized variables. Such normalized differences have the advantage of being dimensionless and easily comparable, whereas original variables have different units of measure and may vary greatly in range, from < 1 mm for M 2 to > 100° for the inflow angle. For every variable we tested the null hypothesis that the normalized difference is zero, against the alternative hypothesis that it is different from zero, using the 2-sided t-test.
Results
In total we analyzed the data in 44 patients (15 male and 29 female, mean age 50.1 years, range 32-75 years). Eleven patients (25%) presented with SAH of WFNS Grade I, 5 patients (11.4%) presented with WFNS Grade II, 15 patients (34.1%) with WFNS Grade III, 9 patients (20.5%) with WFNS Grade IV, and 4 patients (9%) with WFNS Grade V. The results are displayed in Table 1 .
The measurements of the vascular parameters and the calculated ratios are given in Table 2 . Supplemental Table 1 shows the summarized data and the calculated ratios, with the Shapiro-Wilk p value in the rightmost column representing the non-normal distribution of the parameters.
Systematic testing showed that, at the above-stated significance level, only the normalized difference of the aneurysm dome is a significant factor for aneurysm rupture, whereas neck and width values are very close to significance and fail only because of Bonferroni correction. The other vascular parameters and calculated ratios were statistically nonsignificant (Table 3 ).
The forest plot shows graphically the distribution of the normalized variables (Fig. 2) . As can be seen in this figure, only the dome of the aneurysm is highly significant in predicting rupture. The shape of the aneurysms was bilaterally identical in 22 cases (50%). In cases of asymmetrical presentation of the aneurysm shape, 19 ruptured aneurysms were irregularly shaped. This was statistically significant, as measured with the chi-square test (p = 0.001). The remaining 3 ruptured aneurysms with regular shape were, interestingly, larger than their irregular unruptured counterparts. The size distributions of the dome, neck, and width for ruptured and unruptured aneurysms are shown in box plots (Fig. 3) . For illustrative purposes, the same distributions can be presented as scatter plots and with interpolated logistic regression. It should be noted, however, that logistic regression is not a suitable tool for examining paired values, as in our case (Fig. 4) .
The presented correlations indicate that the initial assumption of variable independence is probably too strong. In addition, it can be expected that the diameters of different blood vessels for a single patient are also related. This suggests that for this study, the Sidak's correction is too conservative and that the significance level can be relaxed. On the other hand, even at the commonly used level of 0.05, only 4 variables-dome, neck, width, and the dome-to-neck ratio-would be significant. It is, however, questionable whether the significance level can be relaxed so far, because this would imply a complete redundancy between the variables. We therefore conclude that for mirror aneurysms, only the dome is an independent and reliable predictor for rupture.
Discussion
There are a number of studies focusing on anatomical and clinical risk factors for aneurysm rupture. 6, 7, 9 However, there are interindividual differences like blood pressure profiles that make it difficult to establish such risk factors for each patient. Hoh et al. examined the predictive factors for rupture in 30 patients with 67 multiple aneurysms, and used these patients as internal controls.
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In our study we include only patients with mirror MCA bifurcation aneurysms, to form a homogeneous group and to enable better and easier comparison, because the aneurysms are exposed to the same physiological environment, differing only in local hemodynamic factors. Therefore, selection biases can be excluded in any pair of aneurysms. With this number of ruptured mirror aneurysms in the present study, we showed that these lesions are quite similar in their hemodynamics and differ only in some details like size and shape, which are significant predictors for the risk of rupture.
The inclination angle plays a crucial role in aneurysm rupture in some studies. 20 Hence, we were surprised to find out that this factor did not play a role at all in mirror aneurysms of the MCA. The aneurysms in our study had almost the same inclination angle. The inclination angle of both mirror aneurysms was approximately 145°. Nikolć et al. showed that ruptured aneurysms had an inclination angle of 139° compared to unruptured aneurysms, which had an inclination of 100°. 20 In our study the mean inclination angle was close to the described 139° for the ruptured and unruptured aneurysms.
The study of Elsharkawy et al. indicated risk factors for MCA aneurysm rupture in lesions that are 7-14 mm, have an irregular wall, and have a height/width ratio > 1.
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Our study of mirror aneurysms is in accordance with Elsharkawy et al.'s results concerning size and irregularity, but we did not detect a difference in the height/width ratio in mirror aneurysms. The authors of the earlier study indicated that apart from the size of aneurysms, other factors (patient-and aneurysm-related) should be combined to predict rupture. When these interindividual factors are eliminated, though, as in the present study of mirror aneurysms, size and shape seem to play a role as the only predictors.
There are different theories on the cause of rupture. If we assume that the aneurysms develop at the same timeirrespective of a low or high wall shear stress-the fastergrowing one is at higher risk for rupture. Furthermore, our results are in accordance with the work of Jou and Britz, who studied a patient with 8 aneurysms and assumed that aneurysms in a single individual either have different growth rates or are at different developmental stages. Hence, the ruptured ones are either growing faster or are older.
14 In their work, those authors assume that the aneurysms are influenced by the flow rate, which creates larger aneurysms. In our study the flow rates were the same, because we could find no significant differences in the anatomical features proximal and distal to the aneurysms or in the inflow angle. Nevertheless, one of the two aneurysms is larger, and eventually ruptures when it grows close to 7 mm.
The question is what induces aneurysm growth. In the meta-analysis by Brinjikji et al., the authors identified a number of risk factors. When they excluded interindividual risk factors like female sex, smoking history, age > 50 years, and aneurysm location, they found a higher growth rate for nonsaccular and larger aneurysms. Aneurysm growth was associated with a 3.1% rupture risk annually compared with a 0.1% risk in stable aneurysms. 24 The authors also showed that 2.5% of aneurysms per year are growing, and growing aneurysms had a 30-times-higher risk of rupture. This theory is confirmed by the work of Inoue et al., which followed UIAs via MRI and came to the conclusion that growth of UIAs increases the risk of rupture. Those authors indicated a rupture risk of 18.5%/ person-year in growing aneurysms. 13 In our study the ruptured aneurysm was 50% larger than the unruptured one. In conclusion, it is important to understand factors that lead to aneurysm growth, because these aneurysms are less stable and tend to rupture. 3 We also have a significant suspicion that the growing aneurysm is the one that ruptures first.
Wall shear stress could play a role in aneurysm formation and rupture. Jou et al. characterized wall shear stress in intracranial aneurysms in the same anatomical location but in different individuals. 15 When they focused on the intraaneurysmal flow, they showed that ruptured aneurysms had greater areas under low wall shear stress than did unruptured ones. These authors showed that the maximal wall shear stress in ruptured and unruptured aneurysms is similar and point to hemodynamic factors other than wall shear stress that are important in aneurysm rupture, although their results apply only to aneurysms on the ICA, which are under different shear stress from aneurysms to the MCA bifurcation.
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In contrast, other studies imply that a locally elevated wall shear stress contributes to focalized wall damage that forms blebs on the aneurysm wall and leads to a higher rupture risk. 4 Nevertheless, irrespective of the mechanisms of development, growth, and rupture of aneurysms (which are controversial), the aneurysm wall endures on- going injury that leads to wall failure and rupture. As in our study, a number of others show an increased risk of rupture for aneurysms containing multiple lobes.
2,22 Cebral et al. assume that an elevated wall shear stress caused by the impact of the inflow jet causes local wall damage in the aneurysm and leads to bleb formation. 4 The results of our study lead to the suspicion that (because the hemodynamics are quite similar) such a bleb forms randomly in one of the mirror aneurysms. After bleb formation or damage to the aneurysm wall, intraaneurysmal hemodynamics between the two lesions will change. The one that suffers injury of its wall first starts to grow. After this point the aneurysms are not similar anymore, and one of them becomes weak. Biomechanics and interactions with endothelial factors eventually lead to rupture. The initial wall damage could be attributed to changes in wall biology and inflammation. The creation of a bleb does not change the overall flow in the aneurysm, because the inflow angle and other factors remain the same, but the distribution of regions of abnormal wall shear stress between mirror aneurysms could change. Additionally, flow turbulences can be different between the aneurysms after bleb formation. This indicates that apart from similar hemodynamic factors, there are other factors in an aneurysm that apply stress on the aneurysm wall.
Inflammation seems to play a crucial role in this mechanism. Vakil et al. showed that contrast agent permeability across the aneurysm wall was a significant and size-independent factor for rupture risk. 23 Even if the aneurysms seem to be similar in both the inclination angle and the ratios we calculated in our study, it does not mean that they are similar in histopathological features. Irregularities on their surface can be completely different because apoptosis of endothelial cells, loss of collagen, and remodeling of extracellular matrix can lead to heterogeneity of the walls, with creation of thin translucent areas that are a locus minoris resistentiae on the wall, predisposing an aneurysm to rupture.
These factors have to be taken into account as possible predictors for aneurysm rupture. We did not include them in our study because our patients were admitted to our hospital after aneurysm rupture. The intraaneurysmal flow pattern can modify the aneurysm wall in one of the mirror aneurysms without evident differences in the macrohemodynamics. Local hemodynamics in the aneurysm wall can induce vascular injury, which can cause inflammation that leads to internal elastic lamina and tunica thinning, macrophage infiltration, and extracellular matrix remodeling, which changes the wall thickness between two aneurysms that seem quite similar macroscopically and in imaging analysis. Of course these parameters are the subject of new neuroimaging techniques and cannot be specified at the moment without surgery and histological analysis, therefore falling out of the "predictors" category. 1, 10, 11, 17 In our personal experience, we had a case of a fusiform aneurysm that showed an inflamed wall on MRI and that under therapy with aspirin decreased in size. However this is only one case, which does not allow further assumptions.
It is difficult to predict which aneurysm will become unstable and consequently has a higher risk of rupture when mirror aneurysms are of equal size. If one of the two aneurysms starts growing, though, it can be considered unstable. In the case of different-sized mirror aneurysms, the larger one can be considered unstable, with a higher risk of rupture, even when we do not know its growth rate. What caused one of the two mirror aneurysms to become unstable is difficult to say, but aneurysms with a main axis parallel to the parent artery (like MCA mirror aneurysms) have a jet flow pattern and an uneven distribution of unsteady pressure, turning them into a chaotic system in which small changes can lead to instability of the aneurysm wall.
8, 21 Szikora et al. assumed that apart from fluid dynamics described by Laplace's law, which correlates aneurysm size with rupture risk, there should be other factors too, like intra-and extraaneurysmal flow conditions, that may play a role in the growth and rupture of aneurysms.
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Finally, we note that our study is restricted by its retrospective design. Further prospective studies on this issue might be helpful to answer the open questions. In this context it is important to mention that computational flow analysis software could be used in prospective studies to extend our pathoanatomical analysis by an additional flow analysis, which could probably bring more insights to this field.
Conclusions
In our study we show that the extraaneurysmal flow dynamics in mirror aneurysms are nonsignificant, and the aneurysmal geometry also does not seem to play a role as a predictor for rupture. The only predictors for rupture were the size and shape of the aneurysms. It seems that, under the same conditions, one of the two aneurysms suffers changes in its wall and starts growing in a more or less stochastic manner. Newer imaging methods should enable us to see which aneurysm has an unstable wall and to predict the rupture risk. At the moment we only can conclude that, in case of MCA mirror aneurysms, the larger one, with or without shape irregularities, is the unstable aneurysm and that this is the one that needs to be treated. Reaching the critical size of 7 mm and being approximately 50% larger than the other one should be an indication for treatment.
